Penicillin-binding proteins (PBPs) are membrane proteins associated with the synthesis of the bacterial cell wall. We report the characterization of 14 PBPs in Caulobacter crescentus, using in vivo and in vitro penicillin-binding assays and experiments to determine their possible role in cell division. New conditional cell cycle mutants were isolated by selecting cephalosporin-C-resistant mutants of the j8-lactamase strain SC1107 at 30°C that are also defective in cell division at 37°C. They fall into two classes, represented by strains PC8002 and PC8003. Strain PC8002 produced short cells arrested at all stages of cell division at 37°C and was found to contain a high-molecular-weight PBP 1B which was temperature sensitive when assayed in vivo and in vitro. Strain PC8003 was blocked at an early stage of cell division and formed tightly coiled, unpinched filaments. This cephalosporin-C-resistant strain was also defective in PBP 1B, but only when assayed in vivo. PBP 1B behaved like a high-affinity PBP, and in competition assays, ,I-lactams that induced filamentation bound preferentially to PBP 1B. These results and the phenotype of mutant PC8002 suggest that PBP 1B is required for cell division, as well as for cell growth, in C. crescentus. The behavior of strain PC8003 suggests that it contains a conditionally defective gene product that interacts in some way with PBP 1B at an early stage of cell division. We have also examined the PBP patterns of a set of temperature-sensitive cell cycle mutants of C. crescentus (M. A. Osley and A. Newton, J. Mol. Biol. 138:109-128, 1980) that are blocked at characteristic stages of cell division. None of the mutants showed an allele-specific PBP pattern when assayed in vitro at the nonpermissive temperature, but all of them displayed temperature-sensitive PBP 1C (102 kilodaltons) activity. Thus, it appears that PBP 1C activity is inhibited at 37°C as a consequence of filamentous growth.
Penicillin-binding proteins (PBPs), located in the bacterial membrane, are defined as penicillin-sensitive enzymes that covalently bind penicillins and related ,B-lactam antibiotics (for a review, see reference 35) . A convenient autoradiographic method for the detection and separation of PBPs (30) established that the bacterium Escherichia coli contains at least seven major PBPs, ranging in size from 40 to 92 kilodaltons (kDa). Distinct roles in cell division (PBP 3), cell elongation (PBP 1A and PBP 1B), and maintenance of cell shape (PBP 2) have been assigned to these multiple penicillin-sensitive enzymes through a series of genetic and biochemical studies. PBPs generally belong to one of two broad classes, the essential high-molecular-weight PBPs and the nonessential low-molecular-weight PBPs (for a review, see reference 28) .
Bacteria typically contain between three and eight PBPs (8, 33) , and there is some evidence that they are important in the process of cell differentiation; thus, in Bacillus subtilis, sporulation-specific PBPs have been identified (24) , and more recently the location of these proteins has been correlated with their proposed function in forespore formation (3) . In Caulobacter crescentus at least five major PBPs, ranging in molecular mass from 50 to 132 kDa, were previously described (13, 14) , but no functions have been assigned for these proteins.
C. crescentus divides asymmetrically to produce two morphologically distinct cell types: a motile swarmer cell possessing a set of differentiated structures, including a polar flagellum, pili, and holdfast, and a nonmotile stalked cell. The stalked cell divides repeatedly like a stem cell to produce the stalked cell plus a new swarmer cell at each division, while the swarmer cell loses motility, sheds the flagellum, and finally develops into a stalked cell before dividing (for a review of cell division in C. crescentus, see reference 20) . Temperature-sensitive cell cycle mutants of C. crescentus have been isolated that grow normally at 30°C (permissive temperature) and 37°C (nonpermissive temperature) but that are blocked at characteristic stages of the cell cycle at 37°C (21) . Reciprocal shift experiments have shown that C. crescentus cell cycle genes are organized in at least two dependent pathways: a DNA synthesis pathway, described by the dependent sequence of events DNAi (DNA initiation) DNAe (DNA elongation) -* DNAc (completion of chromosome replication), and a cell division pathway, described by the dependent sequence DIVi (initiation of cell division) --DIVp (progression of division) -* CS (cell separation) ( Fig. 1) (20, 22) . Relatively low concentrations of penicillin G block DIVi (32) , and a divA-dependent step required for DIVi is interdependent with penicillin G (22) . These results suggest that specific PBPs are required for cell division, which is required in turn for differentiation in C.
crescentus.
To extend our understanding of cell division and development in C. crescentus, we have initiated an analysis of PBP function in these cells. In this report, we describe the effect of conditional cell cycle mutations on the PBPs of C.
crescentus. We also describe the isolation of mutations in two genes that confer resistance to the ,B-lactam cephalosporin C and conditional defects in cell growth and division. (6) . The cephalosporin-C-resistant strains were,derived from strain SC1107 and were isolated as spontaneous mutants resistant to 20 pug of cephalosporin C per ml (Sigma Chemical Co.). The strains used in this study are described in Table 1 .
Isolation of cephalosporin-C-resistant mutants. Spontaneous cephalosporin-C-resistant mutants were isolated, at a frequency of 5 x 10-7, by plating 1010 cells of strain SC1107 on PYE plates containing 20 ,ug of cephalosporin C per ml. Strain SC1107 carries a TnS transposon in the f-lactamase gene (6) and therefore is extremely sensitive to P-lactam antibiotics (see below). Colonies were screened for temperature-sensitive growth by replica printing to PYE plates containing cephalosporin C at 30 and 37°C. Temperaturesensitive cell division was confirmed by the presence of filamentous cells in liquid PYE cultures grown at 37°C.
Preparation of membranes and in vitro PBP assay. The in vitro assays for PBP activity were based on modifications of the procedures described by Spratt and Pardee (30) and Koyasu et al. (15) (10) .
RESULTS
Characterization of C. crescentus PBP patterns. Koyasu et al. (13) previously described five major PBPs in the cell envelope of C. crescentus, detected in an in vitro assay: PBP 1A (132 kDa), PBP 1B (98 kDa), PBP 2 (77 kDa), PBP 3 (64 kDa), and PBP 4 (50 kDa). We were able to resolve several of these bands into multiple proteins and to detect additional PBPs by in vitro (30) and in vivo (13) assays. At least 14 PBPs were identified in the assays (Fig. 2) and not detected in the in vitro assay. Although PBP 1B appeared faint in this particular in vivo assay (Fig. 2) , this PBP was normally present as a strong band (Fig. 3) .
PBPs that display a higher affinity for the labeled penicillin were identified by adding different levels of [3H]penicillin G to the in vivo PBP assay of wild-type strain CB15 (Fig. 3) . Comparative binding of the labeled penicillin to the PBPs in whole cells is shown in Fig. 3 cells of the wild-type strain CB15 (data not shown). Although some variability in the PBP patterns was observed at 37°C, only PBP SD was found to be temperature sensitive in all division-defective mutants and in the wild-type strain (Fig. 4) . Since wild-type cells grow and divide at 37°C, the low-molecular-weight PBP 5D appears to be a nonessential binding protein for cell growth and division. Isolation of cephalosporin-C-resistant mutant strains. A direct approach to the identification of PBPs required for cell division is to isolate 1-lactam-resistant mutants at 300C which are also defective in cell division at 37°C (27) . This type of experiment was not initially successful with C. crescentus, using several ,-lactams, including penicillin G, because of an inducible ,-lactamase produced in the wild- type strain (12) . As an alternative approach we used as the parent strain SC1107, containing a Tn5 insertion mutation in the penicillinase gene (6) . This strain was 10-to 100-fold more sensitive to all P-lactams examined (Table 2) , and its PBP pattern was identical to that in wild-type cells (data not shown).
Spontaneous mutants of strain SC1107 resistant to cephalosporin C were isolated at a frequency of 5 x 10-7. Cephalosporin C was selected for the isolation of resistant mutants because it was the most potent of the drugs that caused filamentation (see Table 4 ). A screen of 650 drugresistant mutants for growth at 30 and 37°C identified 11 temperature-sensitive mutants, which were assigned to one of two classes based on their morphology at 37°C. By light microscopy, one class, represented by strain PC8002, was cell division defective but did not produce filaments. The second class of mutants, represented by strain PC8003, was cell division defective and formed unpinched coiled filaments (Table 1 ; data not shown). Strains PC8002 and PC8003 are defective in new cell cycle genes designated here as divH and divI, respectively. Characterization of temperature-sensitive cephalosporin-Cresistant mutants. The rates of cell growth and division of the two mutants at 30°C were identical to those of the parent strain, SC1107 (data not shown). When a culture of strain PC8002 was shifted from 30 to 37°C, growth continued for approximately two-thirds of a generation (Fig. SA) , whereas cell division was blocked immediately (Fig. SB) . After 3 h or longer at 37°C the mutant cells had no flagella and a single stalk and they were blocked at different stages of cell division, as indicated by the variable degree of pinching at the division site (Fig. 6B and Table 3 ). Since none of the partially pinched cells was larger than a predivisional cell under permissive conditions, these results suggest that divH is required for progression of cell division and possibly for growth of cells between DIVi and CS as well (Fig. 1) . The residual growth that took place at 37°C after cell division had stopped (Fig. SA) can be accounted for by newly divided swarmer and stalked cells that proceeded to the DIVi stage, at which the gene may be first required for division and cell growth. Consistent with this interpretation are the observations that very few swarmer cells were present 3 h after the temperature shift and approximately 60% of the cells were unpinched and presumably arrested at DIVi (Table 4 and Cephalosporin-C-resistant mutant PC8003 continued to divide for approximately 6 h at 37°C (Fig. 5B ), whereas cell growth continued for 11 to 13 h (Fig. 5A ) and resulted in the production of short filaments that were unpinched and coiled (Fig. 6D) . These results suggest that PC8003 is blocked at an early stage in the division pathway and that the divl gene is required for DIVi (Fig. 1) but not for subsequent stages of cell division. The coiled filaments of mutant PC8003, like the cells of strain PC8002 at 37°C, had a single stalk and no flagella (Fig. 6D) . The failure of these two cephalosporin-Cresistant mutants to make flagella is in contrast to C. crescentus cells treated with penicillin (32) and most temperature-sensitive cell division mutants described previously (21; see Discussion).
Analysis of PBP patterns in temperature-sensitive cephalosporin-C-resistant mutants. When strain PC8002 was incubated at 37°C for 1 to 3 h and assayed for PBPs in vivo, the 104-kDa PBP 1B was not detected (Fig. 7A) . No change in the PBP 1B pattern was observed under the same conditions in either the parent strain, SC1107, or another divisiondefective cephalosporin-C-resistant strain, PC8011 (Fig.  7A) . The temperature-sensitive effect on the PBP pattern is reversible, because when cells were shifted back to the permissive temperature (30°C), PBP 1B was again detected after 3 h (data not shown).. PBP 1B was also found to be defective in this mutant by in vitro analysis: as shown in two different PBP assays (Fig. 8A and B) , the amount of active PBP 1B was more than 90% depleted in mutant cells incubated at 37°C for 3 h.
The in vivo PBP pattern in PC8003 was significantly affected only when cells were shifted to 37°C for more than 3 h (data not shown). After 6 to 8 h at 37°C, the levels of PBP 1B and PBP 1C were significantly reduced, and after 13 h neither one of these PBPs could be detected (Fig. 7B) .
Consistent with the results obtained with the temperaturesensitive cell cycle mutants (Fig. 4) , PBP 1C activity was also inhibited as a consequence of filamentous growth at 37°C. Control assays demonstrated that in the parent strain, SC1107, PBPs 1B and 1C were not temperature sensitive after 13 h of incubation at 37°C (Fig. 4B) .
In contrast to the in vivo results, the results of in vitro assays of PC8003 revealed that the level of PBP 1B was approximately the same as 37 and 30°C (Fig. 8A and B) .
Thus, both strains PC8002 and PC8003 exhibited an in vivo defect in PBP 1B at 37°C, but only strain PC8002, which was the most severely blocked in cell growth and cell division, also exhibited the PBP 1B defect in vitro.
Effect of I(-lactam antibiotics on C. crescentus growth, morphology, and penicillin binding. As observed with other bacteria, P-lactam antibiotics produced characteristic morphological effects on C. crescentus (Table 4) (14) . Penicillin G at a low concentration (210 U/ml), like conditional mutations in divA, blocked an early step in cell division (DIVi) and induced the formation of filaments, whereas higher concentrations of the drug led to rapid cell lysis (32) . This is the same effect as that observed in E. coli (25) . Most of the P-lactams examined produced a similar effect on C. crescentus, including ampicillin, apalcillin, cephaloglycin, cephalosporin C, cloxacillin, penicillin G, and penicillin V. A second effect, caused by the P-lactams cefazolin, cephalexin, cephaloridine, and cephalothin and the monobactam SQ26776, was rapid cell lysis (Table 4) . In E. coli, low concentrations of cephalexin and SQ26776 induce filament formation (25, 31) . A third effect, induced by the drug mecillinam, was observed only in the P-lactamase mutant strain SC1107. Mecillinam-treated cells (10 to 20 p,g/ml)
rounded up with no immediate block in cell division or growth; however, a division block did occur after 3 h. Unlike penicillin-treated cells, which produce long multiflagellated filaments (32) , electron microscopy showed that the addition of mecillinam induced large pear-shaped cells with two or three flagella (data not shown). Thus, the effect of mecillinam on C. crescentus cell shape was similar to its effect on E. coli (19) and implies that, like E. coli, C. ctescentus possesses a mecillinam-sensitive target involved in the maintenance of cell shape (25) .
We used a competition assay developed by Spratt (26) 3 (lanes b), or 13 (lanes c) h at 37°C . The penicillin-binding activity of PBP 1B was unaffected in both SC1107 and PC8003, whereas there was a considerable reduction in binding activity in PC8002 after 3 h. temperature-sensitive defect in PBP 1B when assayed in vivo (Fig. 7A ) or in vitro (Fig. 8) . The rapid loss of PBP 1B activity from cells incubated at 37°C was accompanied by an immediate block in cell division ( Fig. 5B and Table 4 ) and a 1B in vivo when tested at concentrations that induced filamentation ( Fig. 9 ) but bound to a number of highmolecular-weight PBPs in vitro, including PBP 1B (Fig. 10) . Thus, the primary targets of these drugs cannot be correlated by in vitro assay. However, we conclude from the in vivo assay results and those obtained with the temperaturesensitive mutants that PBP 1B may be directly involved in cell division. It is more difficult to identify a specific target involved either in cell shape maintenance or in cell wall elongation since mecillinam, which affected cell shape, did not compete with any of the PBPs in vivo or in vitro. SQ26776, a drug which caused cell lysis in C. crescentus (Table 4) , competed with several PBPs in vivo, and cephalexin, cephaloridine, and cephalothin, which alsQ caused cell lysis, competed with several PBPs in vitro (data not shown).
DISCUSSION
We report here the first isolation of conditional mutants that may define a role for a PBP in cell division and growth in C. crescentus. One class of these cephalosporin-C-resistant mutants, represented by strain PC8002, showed a (Fig. 5A) . These results suggest that PBP lB is required at all stages of cell division and for growth during,the period of cell division but not for swarmer-to-stalked-cell development. PBP lB is a protein of 104 kDa with a high affinity for penicillin G (Fig. 3) that is a target for 13-lactams that cause filamentation (Fig. 9 ). These observations are consistent with a role for this PBP in cell division, and we propose that an active PBP 1B is required for C. crescentus cells to proceed through the division pathway and for growth during this phase of the cell cycle. Since the loss of PBP lB in strain PC8002 was faster than the observed turnover of PBPs (16) , the mutation in strain PC8002 may be in a structural gene.
The second class of cephalosporin-C-resistant cell division mutants is represented by strain PC8003. The production of coiled, unpinched filaments at 37sC (Fig. 6D ) was accompanied by the loss of PBP lB in vivo (Fig. 7B) but not in vitro (Fig. 8) None of the temperature-sensitive cell division mutants isolated previously in this laboratory, including the divA mutant PC1053, which is interdependent with penicillin G in reciprocal shift experiments (22) , display specific defects in their PBP patterns. A temperature-sensitive defect was observed in PBP 1C when it was assayed in vivo in isogenic backgrounds (Fig. 4A) . This may be a general effect of conditions that lead to filamentation. Support of this conclusion is provided by the behavior of conditional mutants PC8002, which did not form filaments and showed no effect on PBP 1C, and PC8003, which produced coiled filaments at 37°C and lost PBP 1C under these conditions (Fig. 7B) Our observation that the 104-kDa PBP 1B was the highestaffinity PBP in vivo (Fig. 3) is consistent with its role in cell division and with the observation that it has the highest affinity in vitro (14) . The relatively low affinity previously reported for PBP 4 in vitro is consistent with our in vivo result and suggests that our inability to detect PBP 4 in vitro could be partly a consequence of the specific activity of the labeled penicillin and the reported localization of this protein in the outer membrane (13) . Similarly, the detection of PBPs 1A and 3A in our in vitro assay but not in the in vivo assay is consistent with their suggested localization in the inner membrane.
In summary, the cephalosporin-C-resistant mutants described in this report displayed a number of properties that are characteristic of PBP mutants of other bacteria: decreased sensitivity to a P-lactam antibiotic, a greatly diminished quantity or a labile form of a particular PEP at the nonpermissive temperature, and physiological defects under the nonpermissive conditions. The phenotypes of these strains suggest that the high-molecular-weight PBP 1B may be essential throughout the cell division pathway and that it is a lethal target for many ,-lactam drugs in C. crescentus. Our results also suggest that the mutation in PC8002 (divH) may be in the structural gene for PBP 1B and that the gene defined by PC8003 (divI) codes for a product that may interact with PBP 1B. The ability of PBP 1B to affect both growth and division in C. crescentus contrasts with the function of PBPs in E. coli, in which they appear to have exclusive roles in one of three systems: peptidoglycan synthesis (PBPs 1A and 1B), maintenance of cell shape (PBP 2), or cell division (PBP 3) ( for a review, see references 1 and 5). Thus, for an E. coli PBP mutant defective in one of these systems, growth of the cell is not affected. The involvement of a single PBP in both growth and division in C. crescentus may reflect a fundamental difference in the mechanism of cell division between organisms such as E. coli that divide by producing a septum and those such as C. crescentus that divide by a progressive pinching at the division site.
